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Edited by Richard CogdellAbstract Asp112 adjacent to the trinuclear Cu center of a mul-
ticopper oxidase, CueO was mutated for Glu, Ala and Asn.
Mutations on Asp112 aﬀected not only spectroscopic and mag-
netic properties derived from the trinuclear Cu center but also
enzyme activities. The uncoordinated Asp112 was found to play
multiple roles to promote the binding of dioxygen at the trinu-
clear Cu center and to accelerate the conversion of dioxygen
to water molecules by facilitating the supply of H+ to the reac-
tion intermediates.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The trinuclear Cu center comprised of a type II Cu and a
type III Cu pair in multicopper oxidase is the site where diox-
ygen is converted to water molecules together with the heme-
Cu center in terminal oxidase. The four-electron reduction of
dioxygen is performed without releasing the activated oxygen
species such as superoxide, peroxide, hydroxyl radical etc.
and accordingly, the reaction catalyzed by multicopper oxi-
dases does not couple with other enzyme processes to scavenge
activated oxygen species. Electrons withdrawn from a variety
of organic substrates or metal ions by the type I Cu site are
transferred to the trinuclear Cu center to reduce dioxygen.
According to the X-ray crystal analyses of ascorbate oxidase
[1], ceruloplamsin [2], fungal laccases [3–5], CotA (involved
in formation of a brown pigment to protect spores) [6], CueO
(involved in the Cu eﬄux system of E. coli) [7], and Fet3p [8],
type II Cu is coordinated by two His residues and a water mol-
ecule or a hydroxide ligand, and each type III Cu by three His
residues. Type III Cu ions are antiferromagnetically coupled
through a hydroxide bridge. An uncoordinated Asp residue
is hydrogen-bonded with a His ligand for a type III Cu and
indirectly with the hydroxide ligand for type II Cu via a water
molecule (Fig. 1A). Further, a hydrogen bond is formedAbbreviations: IPTG, isopropyl-b-D-thiogalactopyronoside; CD,
circular dichroism; EPR, electron paramagnetic resonance; pPD,
p-phenylendiamine; DMP, 2,6-dimethoxy phenol; ABTS, 2,2 0-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid)
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doi:10.1016/j.febslet.2006.06.049between the backbone carbonyl group of this Asp residue
and a His ligand for type II Cu. This Asp residue is conserved
in all multicopper oxidases as shown in the alignment of the
amino acid sequences (Fig. 1B).
The unique spectroscopic and magnetic properties of the
trinuclear Cu center have received special attention and have
been extensively studied [9–14]. The trinuclear Cu center
aﬀords a band at 330 nm due to the OHﬁ Cu2+ charge
transfer, which enables to discriminate between multicopper
oxidase and blue Cu protein by absorption spectrum. Another
unique property related to the trinuclear Cu center is that only
type II Cu is detected by electron paramagnetic resonance
(EPR) spectroscopy. In the course of the four-electron
reduction of dioxygen proceeding at the trinuclear Cu center
of laccase [9–12], Fet3p [13] and bilirubin oxidase [14], the
two reaction intermediates have been detected and character-
ized, although their structures have not been determined
yet. The involvement of an acidic group with the pKa value
of ca. 5.5 has been discovered [9,11,13] for their decay
processes, supposing that the Asp residue adjacent to the trinu-
clear Cu center plays a role as proton donor to the reaction
intermediates.
In the present study we performed mutations on the relevant
Asp112 of CueO for Glu with the carboxyl group in the side
chain, and for Ala and Asn with the uncharged side chain in
order to reveal why an Asp residue is positioned adjacently
to the trinuclear Cu center from view points of structure,
spectroscopic property and reactivity of multicopper oxidase.2. Materials and methods
The gene fragments to perform mutations at Asp112 were synthe-
sized by PCR using the oligonucleotide primers shown below (BEX
Co. Ltd.) and pUCCueO harboring the precursor CueO gene cloned
into pUC18 as a template (site of mutation underlined):
Asp112Glu(+), 50-CCGGGTGAAGTCGAAGGCGGCCCG-30;
Asp112Glu(), 5 0-CTGCGGGCCGCCTTCGACTTCACC-30;
Asp112Ala(+), 5 0-CCGGGTGAAGTCGCCGGCGGCCC-3 0;
Asp112Ala(), 50-CTGCGGGCCGCCGGCGACTTCACC-30;
Asp112Asn(+), 5 0-CCGGGTGAAGTCAACGGCGGCC-3 0;
Asn112Asn(), 50-CTGCGGGCCGCCGTTGACTTCACC-30;
ClaI(), 5 0-CGGAACATCATCGATACCCCACTG-3 0.
The gene coding for precursor CueO was designed to have the EcoRI
restriction site at the 5 0-end and the 6·His-Tag coding sequence with
the BamHI restriction site at the 3 0-end. The PCR products were di-
gested with EcoRI and ClaI and exchanged with the corresponding
gene fragments (about 550 bp) of pUCCueO to give pUCCueO-
Asp112Glu, -Asp112Ala, and -Asp112Asn. After verifying successful
mutageneses by DNA sequencing, E. coli BL21(DE3) was transformed
by electroporation using the pUCCueO derivatives.blished by Elsevier B.V. All rights reserved.
Fig. 1. (A) The trinuclear Cu center of CueO (1N68, PDB) ﬁgured using DS ViewerPro (Accelrys, San Diego, Calif.). Asp112 directly interacts with
His448 for a type III Cu and His101 for type II Cu and indirectly with the coordinated H2O for type II Cu via an uncoordinated H2O molecule. In
this crystal structure a Cl ion bridges between type 3 Cus in place of an OH. (B) Homology of the partial amino acid sequences among CueO,M.
verrucaria bilirubin oxidase (BO), ascorbate oxidase (AO), R. vernicifera laccase (RvLc), A. thaliana laccase (AbLc1), T. versicolor laccase (TvLc1),
CotA, Fet3, PcoA, and human ceruloplasmin (HCp). Numbers indicate the amino acids coordinating each type of Cu site.
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LB medium supplemented with 1 mM CuCl2 and 0.5 mM isopropyl-b-
D-thiogalactopyronoside (IPTG) as inducer after the precultivation in
100 mL of the same medium for 12 h at 37 C. The crude enzyme solu-
tion obtained by osmotic shock of the cultured transformants was ap-
plied onto a BD TALON metal aﬃnity resin (BD Biosciences) column
(/2.5 · 40 cm) equilibrated with 50 mM potassium phosphate buﬀer
(pH 7.0) containing 0.3 M NaCl, and eluted with the same buﬀer sup-
plemented with 150 mM imidazole. Yields of the mutants were ca.
2.0 mg/L culture medium. All mutants gave a single band on SDS–
PAGE (53 kDa, not shown).
Total Cu contents in Asp112Glu, Asp112Ala and Asp112Asn deter-
mined by atomic absorption spectroscopy using a Varian SpectrAA-50
spectrometer were 4.2, 3.8 and 4.2 in a protein molecule, respectively,
being 4 within experimental error, and accordingly, all catalytic Cu
sites in the CueO mutants were fully occupied by Cu ions. Absorption,
circular dichroism (CD), and EPR spectra were measured on a JASCO
Ubest-50, JASCO J-500C, and JEOL JES-RE1X spectrometers,
respectively.
Enzyme activities of the wild-type CueO and mutants were deter-
mined by the absorption increases of the products or by the amount
of dioxygen consumed on a Central Kagaku Oxygraph DO-9.3. Results and discussion
The absorption and CD spectra of the three Asp112 mutants
are shown in Fig. 2A and 2B, respectively, together with those
of the wild-type CueO. All Asp112 mutants showed the absorp-
tion maximum at 610 nm, being identical with that of the wild-type CueO. The molar extinction coeﬃcients of the wild-type
CueO, Asp112Glu, Asp112Ala, and Asp112Asn were 5500–
6200, indicating that the charge transfer band due to type I
Cu, Cys(S)pﬁ Cu2+, was not aﬀected by the mutations at
the remote site. CD spectra of the wild-type CueO and mutants
were also the same over the wide wavelength region, 400–
800 nm, aﬀording the charge transfer bands, His(N)ﬁ Cu2+
at 440 nm (), Cys(S)rﬁ Cu2+ at ca. 520 nm (+, shoulder),
Cys(S)pﬁ Cu2+ at 580 nm (+), and the d–d bands at
745 nm (). Therefore, the steric and electronic structures of
type I Cu were not aﬀected by the mutations at Asp112. How-
ever, the absorption and CD spectral features of Asp112Ala
and Asp112Asn were quite diﬀerent from those of the wild-type
CueO and Asp112Glu in the near-UV region. The absorption
maximum of Asp112Glu at 330 nm coming from the charge
transfer, OHﬁ Cu2+ was intense (e = 5000) as that of the
wild-type CueO (e = 5000) which exhibited the most well-
deﬁned 330 nm band among multicopper oxidases. However,
the relevant band given by Asp112Ala and Asp112Asn was
very weak or practically absent. In the corresponding CD spec-
tra, no band was observed at 330 nm for Asp112Ala and As-
p112Asn contrary to the wild-type CueO and Asp112Glu.
Since the OH group does not have an asymmetric center,
the CD band at 330 nm should be derived from the vicinal eﬀect
of the His residues and accordingly, is usually very weak for
multicopper oxidases, but is well-deﬁned for the wild-type
CueO and Asp112Glu. However, Asp112Ala and Asp112Asn
Table 1
The enzyme activities of the wild-type CueO, Asp112Glu, Asp112Ala
and Asp112Asn for the oxidations of Cu(I), p-phenylendiamine(pPD),
2,6-dimethoxy phenol (DMP), and 2,2 0-azino-bis(3-ethylbenzthiazo-
line-6-sulfonic acid) (ABTS) and Km value for the dioxygen-binding
Substrate Km for
O2
d (mM)
Cu(I)a
(U/mg)
pPDb
(U/mg)
DMPc
(U/mg)
ABTSd
(U/mg)
Wild type 187 10.8 30 11 0.019
Asp112Glu 109 8.6 25 5.6 0.019
Asp112Ala 10.5 0.71 3.2 1.1 0.042
Asp112Asn 4.4 2.6 4.7 1.1 0.035
aDetermined for the oxidation of [Cu(I)(MeCN)4]PF6, of which the
initial concentration was 100 lM, at pH 5.0 in acetate buﬀer by using
an O2 monitor.
bDetermined for the oxidation of pPD, of which the initial concen-
tration was 5 mM, by the absorption change at 487 nm in acetate
buﬀer pH 5.5 in the presence of 1 mM CuSO4.
cDetermined for the oxidation of DMP, of which the initial concen-
tration was 10 mM, by the absorption change at 477 nm in acetate
buﬀer pH 5.5 in the presence of 1 mM CuSO4.
dDetermined for the oxidation of ABTS, of which the initial concen-
tration was 6 mM, in acetate buﬀer pH 5.5 in the presence of 1 mM
CuSO4 by using an O2 monitor.
Fig. 2. Absorption (A), CD (B) and EPR (C) spectra of the wild-type
CueO (black) and Asp112 mutants, Asp112Glu (blue), Asp112Ala
(green) and Asp112Asn (red). The protein concentrations were ca.
30 lM. The buﬀer solution was 0.1 M phosphate buﬀer (pH 6.0).
Measurement conditions of EPR spectra: temperature, 77 K; fre-
quency, 9.20 GHz; microwave power, 5 mW; modulation, 100 kHz;
modulation amplitude, 1 mT; ﬁlter, 0.1 s; sweep time, 4 or 8 min;
amplitude, 400.
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residue profoundly aﬀected the spectroscopic properties of
the trinuclear Cu center. Although the similar mutations have
been performed for Fet3p [12] and bulirubin oxidase [14], such
the peculiar eﬀect on the 330 nm band has not been observed.The EPR spectra of the wild-type CueO, Asp112Glu,
Asp112Ala and Asp112Asn are shown in Fig. 2C. The wild-type
CueO gave the type I Cu signal (gII = 2.24, AII = 6.7 ·
103 cm1) and type II Cu signal (gII = 2.25, AII = 18 ·
103 cm1) with total 2Cu2+ intensity per protein molecule
within experimental error. Asp112Glu also gave the similar
EPR spectrum (type I Cu: gII = 2.23, AII = 6.6 · 103 cm1,
type II Cu: gII = 2.25, AII = 18 · 103 cm1), although small
amounts of extra signals were present at 270 mT presumably
due to the Cu2+ bound at the substrate binding site
(MI = 3/2) [15] and at 330 mT presumably due to the uncou-
pled type III Cu (g^) [16]. The signal intensity of type II Cu of
Asp112Ala and Asp112Asn was ca. 0.5Cu2+ per protein mole-
cule, suggesting that type II Cu was in the reduced form partly.
These EPR spectral features agree with those of the absorption
and CD spectra. When the basicity of the ligands for the trinu-
clear Cu center is increased through the direct or indirect
hydrogen bondings with Asp112, the Cu ions will favor the
higher oxidation state, the cupric state. The mutations at
Asp112 for the amino acids containing the uncharged groups
such as Ala and Asn led to the decrease in basicity of the li-
gands. This accounts for the partial reduction of type II Cu
in the Ala and Asn mutants. In connection with this modiﬁca-
tion of the electronic structure of the trinuclear Cu center, the
spin Hamiltonian parameters of type II Cu in Asp112Asn were
slightly diﬀerent from those of others, gII = 2.26, AII = 14 ·
103 cm1, suggesting the decrease in the electron-donating
property of the ligand groups. Otherwise, the presence of the
330 mT signal might suggest that this signal was derived from
the uncoupled type III Cu [14].
Table 1 summarizes enzyme activities of the Asp112 mutants
for the oxidations of Cu(I), p-phenylendiamine (pPD), 2,6-
dimethoxy phenol (DMP), and 2,2 0-azino-bis(3-ethylbenzthiaz-
oline-6-sulfonic acid) (ABTS) in comparison with those of the
wild-type CueO. For all oxidation processes, enzyme activities
shown by Asp112Glu were uniformly reduced to ca. 50%, and
those of Asp112Ala and Asp112Asn to ca. 10% of those of the
wild-type CueO, indicating that the reduction process of
4072 Y. Ueki et al. / FEBS Letters 580 (2006) 4069–4072dioxygen was aﬀected by the mutations. From these systematic
results shown by the mutations at Asp112, two possibilities are
considered as for the role of Asp112 adjacent to the trinuclear
Cu center. One possibility is to supplying H+ to the intermedi-
ates in order to realize their prompt decays [9]. When Glu was
substituted for Asp, supplying H+ to the dioxygen-reduced spe-
cies was still possible in spite of a possible unfavorable orienta-
tion of the side chain. However, when Ala and Asn were
substituted for Asp, supplying H+ to the dioxygen-reduced spe-
cies had to depend only on the diﬀusion of the exogenous water
molecules towards the trinuclear Cu center unless other unrec-
ognized pathways to transfer H+ to the trinuclear Cu center
participated. In addition, the dioxygen-binding aﬃnity of the
trinuclear Cu center might have been lowered. In order to re-
veal which possibility was more probable, the Km values for
the binding of dioxygen were determined by using an oxygen
monitor; 0.019, 0.019, 0.042, and 0.035 mM for the wild-type
CueO, Asp112Glu, Asp112Ala, and Asp112Asn, respectively
(Vmax values were 2.7, 1.4, 0.27, and 0.27 for the wild-type
CueO, Asp112Glu, Asp112Ala, and Asp112Asn, respectively)
(Table 1). The identical Km values for the wild-type CueO
and Asp112Glu and the slight increases for Asp112Ala and
Asp112Asn indicate that the dioxygen-binding aﬃnity of the
trinuclear Cu center was not as greatly modiﬁed as the changes
in the total enzyme activities by the mutations. In line with this,
mutants of bilirubin oxidase showed comparable results, 46%
and 5% enzyme activities for Asp105Glu and Asp105Ala,
respectively, compared to the wild-type enzyme [14], although
the activity of Asp105Asn was practically 0%. In the case of
Fet3p, it has been reported that Asp94Glu did not aﬀect the ini-
tial reaction with dioxygen, but Asp94Ala did not react with
dioxygen [13]. Therefore, the eﬀects of mutations on the Asp
residue positioned near the trinuclear Cu center are diﬀerent
for multicopper oxidases and amino acids changed. The 5–
10% enzyme activities of the Ala and Asn mutants of CueO
and blilirubin oxidase might be derived from that H+ originated
in bulk water was supplied through channels leading to the tri-
nuclear Cu center without the ﬁnal assistance of the conserved
Asp residue. On the other hand, the channels lading to the tri-
nuclear Cu center of the Fet3p mutant might not allow the ac-
cess of H+ from bulk water.
The present results unequivocally indicate that Asp112 pro-
foundly aﬀects properties of the trinuclear Cu center, and
thereby play roles to promote the binding of dioxygen at
the trinuclear Cu center and to accelerate the conversion of
dioxygen to water molecules by facilitating the supply of
H+ to the reaction intermediates, while the latter role is found
to be the most predominant. As conclusion, the uncoordi-
nated Asp residue adjacent to the trinuclear Cu center in
multicopper oxidases plays a multiple role, and this amino
acid should receive more attention for both basic and appli-
cation studies.Acknowledgements: Financial supports from NEDO (to T.S. and
K.K.) and Nagase Science and Technology Foundation (to K.K.)
are greatly acknowledged.References
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